A millimeter/microwave detection system, in operation in the TCABR Tokamak is described. The system is used for electron cyclotron measurements. The main part of the system is a heterodyne sweeping radiometer based on a BW O oscillator that operates in the frequency range of 52 to 85 GHz. The system operates in two modes : fi xed frequency ( maximum resolution of 10 µs ) and sweeping mode ( 50 µs per frequency step ). The radiometer is calibrated in frequency and in radiation intensity. The frequency calibration is made by means of a precision harmonic oscillator. The absolute calibration was done using a blackbody ( microwave absorber ) immersed in liquid nitrogen ( 77 K ) and also put in an oven with adjustable temperature up to 1470 K. Two others components are also used for periodic intensity calibration check and sensibility measurements : a Criogenic Matched Load and a Noise Source. A Gaussian antenna is used for better space resolution measurements. Between the antenna and the radiometer, oversized waveguides are used to reduced the signal attenuation. The antenna axis is in the equatorial plane of the machine and perpendicular to the plasma column axis. The accessibility and absorption conditions are discussed. Results showing time and radial profi les of the detected ECE radiation for the TCABR are presented. For a magnetic fi eld of BTO = 1.14 T it was verifi ed that the maximum permissible density to access the second harmonic in the X mode is ne0 ∼ = 2.3 × 10 19 m −3 .
Electron Cyclotron Emission
The radiation resulting from the movement of the electrons around the magnetic fi eld lines carries valuable information about the distribution function of the electrons in a plasma and its detection constitutes an important diagnostic method for magnetic confi ned plasmas [ 1 ] . In tokamak machines, the radial dependence of the magnetic fi eld allows the determination, from the ECE radiation, of the electron temperature and also, in some situations, of the electron density [ 2 ] .
The fi rst work on the use of the ECE radiation, as a diagnostic tool, in tokamaks was published in 1974 [ 3 ] . Today, besides being an obligatory diagnosis technique in tokamaks for electron temperature measurements, it is in continuous evolution and, more recently, it has been used experimentally with more elaborated purposes, for instance, in the characterization of electron distribution of non-thermal electrons [ 4 ] , in the transport studies involving temperature fluctuations [ 5 ] and, in recent proposals, involving Bernstein waves for the determination of electron temperature [ 6 ] . The use of the Bernstein waves seems to be particularly interesting in spherical tokamaks where the accessibility and the absorption conditions are not satisfi ed for the radiation used in common machines.
For a tokamak of major radius R 0 and toroidal fi eld B T 0 , the harmonic n of the ECE frequency f n emitted at radius r , in the equatorial plane, is given by
, where e and m e are respectively the electron charge and mass. The relativistic factor γ , for the usual temperatures found in tokamaks like TCABR, can be considered as unity. The transport of the electron cyclotron radiation in a thermal plasma is given by
where I(ω), the intensity of radiation, is the radiative power per unit area per unit solid angle per unit of angular frequency, τ (ω) is the optical depth given by
is the absorption coeffi cient and I B (ω) is the Rayleigh-Jeans approximation for the blackbody radiation given by I B (ω) = ω 2 kT e /8π 3 c 2 . For an optically thick plasma ( τ (ω) > 1 ) substantial absorption occurs and results
Therefore, for a given frequency, the detected radiative power is proportional to the electron temperature. TABLE 1. First three harmonics of the ECE radiation ( in GHz ) for the TCABR. R 0 -center of the plasma column, R maxexternal plasma edge, R min -internal plasma edge. 
Electron Cyclotron Emission in the TCABR
The main parameters of the TCABR [7] are : major radius R 0 = 61.5 cm ; plasma radius a = 18 cm ; toroidal magnetic fi eld ( maximum value ) B T 0 = 1.2 T ; electron density n e = 2.5 × 10 19 m −3 and peak electron temperature T e0 = 500 eV . In the equatorial plane we have r min = 43.5 cm and r max = 79.5 cm . For these conditions, the frequencies of the fi rst three harmonics of ECE are given in the Table 1 .
As it will be discussed below, for the TCABR, the ECE radiation accessibility and absorption conditions indicate that the second harmonic extraordinary wave can be used as a diagnostic tool.
Accessibility and absorption conditions
The accessibility conditions can be discussed examining the Fig. 1 .a. In this fi gure we see the radial profi les of the following frequencies : the fi rst and the second harmonics of the electron cyclotron frequency
the right and left-hand cutoff frequencies
the upper-hybrid resonance frequency f uh = (f 
To discuss absorption conditions of the plasma, the most important parameter is the optical depth τ (ω) . In the Fig. 1 .b the optical depth radial profi le for the TCABR is shown. For the extraordinary mode ( n ≥ 2 ) and perpendicular propagation ( θ = π/2 ) parallel to the equatorial plane of the torus τ (ω) is given by [ 8 ] : where 
where ξ = 2, β = 1, g = 2 and δ = 1. In those profiles, a is the plasma radius, n e0 is the peak electron density and T e0 is the peak electron temperature. For those curves
and T e0 = 500 eV . The ECE radiation in the O-mode n=1 is inacessible since f pe > f ce , as can be seen in Fig. 1 .a. For the Omode n=2 the plasma is optically thin ( τ ∼ 10 −3 ). For the X-mode n=1 , the radiation is inacessible since, if the antenna is in the low fi eld side of the machine, the ECE radiation will be cutoff when it run into the f uh < f < f R region. For n > 2 the plasma is optically thin for both modes and, the use of ECE radiation for diagnostic purposes becomes diffi cult. For the TCABR, it is more suitable the use of the X-mode n=2 ECE radiation. Considering that the TCABR has low toroidal magnetic fi eld ( B T 0 ≤ 1.2 T ), we need to work in plasma scenarios with densities lower than 2.3 × 10 19 m −3 to access all the ECE radiation. In spite of the limitations relating the TCABR accessibility and absorption conditions, that are typical in medium and small tokamak machines, it is possible the measurement of the electron temperature in most relevant plasma scenarios.
The TCABR heterodyne sweeping radiometer
For the detection of the ECE radiation in TCABR a heterodyne sweeping radiometer [9] , operating in the frequency range 52 GHz < f < 85 GHz was developed. This range allows the detection of the ECE radiation of 3/4 of the plasma column. In the Fig. 2 the block diagram of the radiometer is shown.
The microwave signal coming from the antenna goes to the mixer and then to the IF fi lter/amplifi er. After that, we have the difference between the signal f s and the local oscillator f LO frequencies. The | f s − f LO | signal is demodulated ( video detector ) and amplifi ed ( video amplifi er ). The video amplifi er output signal goes to the data acquisition system where is digitalized and stored for later data analysis.
The local oscillator is a BWO ( Backward Wave Oscillator ) that is basically a voltage controlled oscillator. The control voltage ( variable from 2.2 to 8.5 V and generated by a Digital to Analog Converter ) determines the detected frequency. That frequency keeps a direct relationship with the plasma position ( for plasmas that are not very hot ).
The system can operate in measurement or calibration mode. In measurement mode, the plasma signal is coupled to the mixer by a mechanical switch. In the calibration mode, the mixer is coupled to a harmonic oscillator, operating in 54, 60, 66, 72, 78 and 84 GHz used for frequency calibration, or to a noise generator used for amplitude calibration check. A mechanical waveguide switch and a 20 dB directional coupler are used to commute the radiometer from the measurement mode ( coupled to the plasma ) to the calibration mode.
The calibration in amplitude ( intensity ) can be made or checked in three ways : by direct calibration using a blackbody emitter with a known temperature, by the use of a cryogenic matched load immersed in liquid nitrogen or at the room temperature or, fi nally, we can use a noise source to check the calibration. The fi rst way is the best one but is diffi cult and takes a longer time. The last way can be used as an easy way to check the calibration.
The TCABR radiometer main parameters are : Frequency range 52 -85 GHz; BWO output power 4 -20 mW ; LO sweep time ( from 52 to 85 GHz ) 150 µs ; Minimal time for one LO frequency step 50 µs ; Noise temperature < 13 dB ; IF ( amplifi er/fi lter ) frequency band 0.1 − 1 GHZ ; Harmonic Oscillator frequencies: 54, 60, 66, 72, 78, 84 GHz ; Noise Source ENR ( Equivalent Noise Ratio ) 15 dB ; NS stability 0.01 dB/ o C ; NS Flatness ± 1.5 dB . The radiometer is a double-sideband receiver ( DSB ) since it is sensitive to both sideband frequencies. In the calculation of the horizontal space resolution, a 2 GHz frequency band was used. A Gaussian antenna, used for better spatial resolution, makes the coupling of the radiometer with TCABR plasma. In Fig. 3 a diagram and a photo of the antenna are shown. The waist of the beam at the antenna focus ( ∼ = 2 cm ) defi nes the vertical space resolution for the ECE detection. The total ECE spatial resolution ( vertical and horizontal ) is about 2 cm . The radiometer is placed 5 m away from the tokamak and an oversized waveguide is used to reduce the losses.
Experimental results

Sensibility and absolute calibration
The radiometer sensibility is related to the minimum level of the power that can be measured. This is related with the intrinsic thermal noise associated to the instrument. An important parameter that defi nes the sensibility of the radiometer is its noise fi gure F = (input signal to noise ratio)/(output signal to noise ratio). In ECE detection, the signal in the antenna input is of the order of nW . The thermal noise power in the input of the radiometer that have a frequency band B , with the antenna coupled to a blackbody of temperature T is given by P = kT B . Here the Rayleigh-Jeans approximation ( hf kT ) was used. The radiometer noise fi gure is given by
where P si is the input signal power, A is the radiometer power gain and P nA the output noise power ( internal power ). Note that AkT B + P nA is the total noise power at the radiometer output. Normally we adopt T = T 0 = 290 K ( 17 o C ). From the above relation the noise power generated by the radiometer is given by
It is also possible describe the noise properties of the radiometer using the noise temperature T n . Taking P nA = AkT n B , T n is given by
The measurement of the noise fi gure of the TCABR radiometer was made by the two temperatures method ( or Y factor method ). In this method, two emitters with two different temperatures : hot T h (≈ 300 K ) and cold T c ( 77 K ) are used. We defi ne Y factor as the ratio of the radiometer output power when the hot and the cold bodies are placed in front of the antenna :
Using the above expressions we obtain the noise fi gure
Another useful parameter is the Equivalent Noise Ratio -ENR that keeps a direct relationship with the noise temperature T n , and is defi ned by EN R = 10 log [ T n /(T 0 − 1) ].
To measure T n and the noise fi gure we used a matched load, shown in Fig. 4 .a, that was used in liquid nitrogen and also at room temperature. The matched load ( microwave absorber ) was coupled to the radiometer input. In Fig. 4 .b we show the noise temperature and the noise fi gure for all the radiometer frequency bandwidth.
Besides the Noise Temperature T n and Noise Figure  F , it is important to obtain experimentally a calibration curve relating the radiometer output signal ( in volts ) with the temperature ( in eV ) [10] . In this calibration, we used the experimental arrangement shown in Fig. 5 . For the calibration, we used two thermal sources with two different temperatures ( T h and T c ). In this measurement, the distances involving the emitter, antenna and the radiometer were the same as those when the radiometer was coupled to the TCABR machine. In the corresponding position where the center of the plasma column would be, we put two emitters one in high temperature and the other in low temperature.
In Fig. 6 .a. we show the output signal ( in function of frequency ) of the radiometer for emitters in the high temperature T h ( 923 K = 650 o C ) and low temperature T c ( 77 K ). In the Fig. 6 .b, the frequency dependence of the difference of the two signals is shown for fi ve measurements. From these measurements, we obtain the calibration curve shown in Fig. 7 . To obtain the fi nal absolute calibration curve, the absorption and reflection characteristics of the diagnostic glass window were measured [11] in the frequency range of the radiometer. The radiation coming from the plasma is partially reflected and also partially absorbed by the glass. The measurement was done with two thermal sources ( hot and cold ) and applying, for each case, the radiation transport equation [12] :
and
From these equations, we obtain
where I h1 and I c1 are the radiative intensities attaining the glass window coming from the hot and cold sources, I T amb is the radiative intensity emitted by the glass, I h2 and I c2 are the radiative intensities from the hot and cold sources after passing through the glass window, τ is the optical depth of the glass and r = [(n − 1)/(n + 1)] 2 is the glass reflection coeffi cient. In the Fig. 8 the fi nal calibration curve is shown. This curve was obtained multiplying the curve of Fig. 7 by the factor e −τ ( 1 − r ) 2 . The error bars shown in the fi gures were obtained from fi ve different measurements of the calibration curve. The absolute calibration of the radiometer takes a lot of work and time to be done. The calibration curve depends on the characteristics of the radiometer components, particularly of the BWO, that may change with time. For this reason, the calibration curve should be checked routinely. This checking is easily done, at the begining of each tokamak session, using the noise generator and the harmonic oscillator.
Time and radial profiles of the plasma temperatures
Finally, we show radial and temporal profi les of the electron temperature obtained with the radiometer. These results illustrate measurements made with the radiometer in the two modes of operation : sweeping ( several radial positions ) and fi xed frequency ( high time resolution ). Results of ECE radiation detection in a high-density plasma scenario ( above the cutoff frequency ) are also shown.
In Fig. 9 , seven temporal profi les are presented for the radial positions : + 12.6 cm, + 8.5 cm, + 3.5 cm, + 1.3 cm, − 4.5 cm, − 7.8 cm, − 12.1 cm . In that pulse the plasma density is lower than the right-hand cutoff density ( n e < 2.3 × 10 19 m −3 ). We verify that in the initial stage of the discharge ( 0 < t < 15 ms ) the intensity of the ECE radiation is relatively high due the occurence of suprathermal electrons that appear during the rising phase of the plasma density. These electrons are accelerated by the toroidal electric fi eld present in the breakdown and heating phases of the discharge. After the initial stage of the discharge, there is a time interval ( 15 < t < 95 ms ) where we have a thermal plasma and the detected ECE radiation has a lower time variation. In the Fig. 9 .b a radial profi le of T e , for t = 50 ms , is shown, where the peak electron temperature is ≈ 500 eV .
In Fig. 10 , temporal and radial profi les of ECE emission are shown in a 3D plot for a discharge where the electron density is higher than the right-hand cutoff ( n e > 2.3 × 10 19 m −3 ). This pulse has duration of about 100 ms . We verify that, for the interval between 30 and 70 ms , there is a decrease of the radiation intensity due to the increase of the plasma electron density that becomes higher than the cutoff density. This behavior of the detected ECE radiation can be used to obtain information on the radial electron density profi le [13] .
Finally we show results [14] obtained with the radiometer in the fi xed frequency mode. In this mode, the radiometer time resolution is 10 µs . In Fig. 11 , 15 ECE time profi les of the electron temperature are shown. To obtain those profi les, 15 tokamak shots were used. Care was taken to use only very reproducible shots and we used one shot for each profi le. For each shot, the frequency of the local oscillator was changed allowing the measurement of the electron temperature for different radial position between r = −4 cm and r = +14 cm . In these profi les, it is possible to see clearly the occurrence of sawteeth oscillations. It is observed that, in the radial position r ∼ = +4 cm , we have the inversion of the sawtooth. In this radius the safety factor is unitary ( q = 1 ). Internally to the surface q = 1 ( −4 cm < r < +4 cm ) a slow growth of the electron temperature is followed by an abrupt fall, and externally to that surface we have an opposite behavior, an abrupt increase of the temperature is followed by a slow fall. The duration of the sawteeth is about 400 µs .
Conclusions
It was coupled, with success, in the TCABR tokamak, a heterodyne radiometer that operates in the 52 to 85 GHz frequency range. The radiometer noise fi gure was measured and the value obtained was F dB ∼ = 12 dB . The noise temperature is about 3000 K . The absolute calibration curve, for the entire frequency band, was obtained and the sensibility of the radiometer, for 60 GHz , is ∼ = 35 mV /eV . The radiometer is in operation in TCABR and detects the ECE radiation for the second harmonic X-mode. Regularly, for thermal plasmas, the radiometer is used to obtain time and radial profi les of plasma temperature. For non-thermal plasmas, particularly those with runway electrons, a large increase in the ECE radiation is observed. For a magnetic fi eld of B T 0 = 1.14 T it was verifi ed that we can access the ECE radiation up to a density of n e = 2.3 × 10 19 m −3 where the right-hand cutoff occurs. . Time and radial profi les for the electron temperature ( 3D plot ) obtained in the TCABR. In this discharge, the density is higher than the cutoff and we can observe a reduction in the detected ECE radiation [13] between 40 and 50 ms. 
